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Introduction: Carbonaceous chondrites are
amongst the most analysed rocks on Earth, but little is
known of the abundance of individual phases within
these meteorites. The unequilibrated nature of chon-
drites, and the presence of fine-grained matrix, mean
that traditional techniques such as point counting have
only limited application. Here we show how a combi-
nation of a novel X-ray diffraction (XRD) technique
and Mössbauer spectroscopy allows a complete modal
mineralogy to be ascertained for unequilibrated chon-
drites, for all minerals of abundance >0.5-1 wt%. We
have determined the modal mineralogy of Allende,
Murchison, Tagish Lake, and Orgueil, and have ac-
quired partial data for a number of other chondrites. In
addition, we have employed laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS) to
analyse trace element variation within chondrite ma-
trix.
Methodology: The Mössbauer methodology is de-
scribed in detail elsewhere [1-3].
Our XRD system utilises a position sensitive de-
tector (PSD) - a fixed diffraction geometry means that
mechanical movement is not necessary. Thus, the irra-
diated volume remains constant for each experiment.
Consequently, diffraction patterns from standard
phases and multiphase mixtures can be compared di-
rectly, and matrix absorption corrections can be ap-
plied in a straightforward manner to give accurate as-
sessments of the phase proportions in each sample. By
stripping out peaks associated with individual phases
the global mineral inventory in the irradiated volume
can be estimated. The rapid phase quantification
method using XRD-PSD is now an established tech-
nique [4], and has been extended to complex clay
mixtures [5]. This work showed that the technique is
accurate and reproducible. In an inter-lab comparison
study to compare phase quantification by different X-
ray techniques, the standard deviation (in the 50%
concentration range) over all 110 labs was ~7 wt%.
The SD for the XRD-PSD system was ~1 wt%.
XRD patterns from carbonaceous chondrites were
recorded with Cu-Kα1 (germanium 111 monochro-
mated) radiation using a curved position-sensitive de-
tector. Cu-Kα1 radiation gives rise to a large back-
ground absorbtion when analysing samples containing
abundant Fe, which we can make use of in a number of
ways. Firstly, the total intensity of the background is
directly proportional to the abundance of Fe in the
sample, so we can estimate wt% Fe in the sample.
Each Fe-bearing phase contributes to the background,
so the relative intensity provides some compositional
information. This also means that we can convert our
overall abundance estimates into an estimate of the
proportion of the total Fe associated with each phase,
enabling a direct comparison to Mössbauer data.
Patterns were also recorded from a suite of mono-
mineralic standard samples of minerals known to occur
in CV, CM, and CI chondrites. These included mag-
netite, Fe-Ni metal, enstatite, Mg-serpentine, smectite,
cronstedtite, calcite, siderite, troilite, pyrrhotite, pla-
gioclase and pentlandite. In addition, synthetic olivine
samples spanning the range of olivine compositions
found in unequilibrated chondrites were also analysed.
As many carbonaceous chondrites are highly unequili-
brated, the olivine peaks are typically broad and com-
plex. We fit them based on analyses of standards over
the range of the solid solution, and so obtain data re-
lating to the abundance of different olivine composi-
tions in our sample. Using the relevant mass ab-
sorbtion coefficients we are able to convert the pattern
intensities into a wt% for each phase, and with density
data, into vol%. An outcome of this analysis is that we
are able to determine a grain density for the whole
rock.
Laser ablation was performed under He atmos-
phere using a Nd-Yag 213 nm laser from Merchanteck
(UP213) coupled to a HP7500 featuring a shield torch.
Laser conditions and ICPMS were kept similar for all
runs. External calibration was achieved using both
NIST 612 and NIST 614.
Results and Discussion: Our XRD-PSD system
detects all crystalline phases above ~0.5-1 wt%;
Mössbauer analysis will detect Fe-bearing (including
amorphous Fe-bearing phases) above 0.5 wt%. Amor-
phous Fe-poor materials are not detected, so some
small component of the mineralogy will be excluded.
Note also that where compositions are given for
phases, these refer to the best-fit standard.
Allende: XRD analysis of Allende (discussed in
detail in [6]), suggests (in wt%) Fo100 (9.5%); Fo92
(6.3%); Fo80 (11.4%); Fo60 (24.3%) Fo50 (26.5%); Fo25
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(6.7%); plagioclase (0.9%); enstatite (6.4%); magnetite
(0.3%); Fe-Ni metal (0.3%); pentlandite (7.4%). For
Fe-bearing phases, this is in line with our own, and
earlier Mössbauer analyses [7-11]. With the exception
of mesostasis, other phases in Allende should be pres-
ent at levels of <1 wt%. This assemblage suggests a
grain density for of 3.68 g cm-3 (close to the published
value of 3.84 [12]).
As noted previously [3,6], the most significant de-
parture from earlier work is in the case of magnetite.
XRD and Mössbauer constrains magnetite to <0.5
wt%, or <0.3 vol%. The only other quantitative esti-
mate of its abundance is an optical point-counting
study which estimated 1.2 vol% [2]. If magnetite were
as abundant as 1.2 vol% in Allende it would be easily
detected by Mössbauer. It appears possible that the
point-counting study may have included more than one
minor opaque phase in its magnetite determination.
Murchison: X-ray analysis of Murchison suggests
Fo100 (7.3%); Fo80 (2.2%); Fo50 (2%); enstatite
(2.2%); pyrrhotite (2.8%); pentlandite (0.5%); mag-
netite (0.4%); serpentine (22.5%); calcite (1.1%);
cronstedtite/tochilinite (59%). These estimates are
compatible with the Mössbauer results. Based on this
assemblage, we calculate a grain density of 2.93 g cm-
3.
Tagish Lake: XRD-PSD of Tagish Lake suggests
Fo100 (8.2%); Fe0.55Mg0.38Ca0.07 carbonate (20%); pyr-
rhotite (8.2%), pentlandite (1.2%); magnetite (11.7%);
interstratified saponite-serpentine clay (50.7%). Other
phases should be at levels of <1 wt%. Based on this
data, we calculate a grain density of 2.97 g cm-3.
High magnetite abundance suggests our sample
may be from the carbonate-poor Tagish lithology.
There is a small discrepancy with the Mössbauer
analysis, which suggests 8.5 wt% magnetite in Tagish
Lake. We explored the possibility that this might be
due to some proportion of nanophase magnetite, how-
ever low temperature Mössbauer suggests that any
superparamagnetic component (whether magnetite, or
ferrihydrite) is minor in this meteorite. In contrast,
Orgueil contains significant ferrihydrite (see below) in
a superparamagnetic form [13,14].
Orgueil: Our XRD analysis of Orgueil suggests
Fo100 (2.4%); Fo80 (3.3%), Fo60 (1.5%); pyrrhotite
(6.6%); magnetite (9.7%); serpentine (7.3%); saponite-
serpentine (64.4%); ferrihydrite (4.8%). This assem-
blage suggests a grain density of 2.75 g cm-3 (the pub-
lished value is 2.43 [12]).
The magnetite and ferrihydrite estimates are con-
sistent with earlier work [13,14], and our own Möss-
bauer analysis which suggests 10.6 wt% magnetite. A
surprising result (confirmed by Mössbauer) is the de-
tection of appreciable fayalitic olivine.
Other chondrite: In addition, we have made pre-
liminary analyses of several other CV’s, and the CM1
chondrite ALH88045. The CV’s show significant
variation in abundance of fayalitic olivine, and it may
be that we can use this parameter to partially quantify
‘oxidation’ within the CV group. ALH88045 is an
unusual, highly altered CM chondrite [15]. Pet-
rographic studies have suggested that anhydrous sili-
cates are entirely absent from this sample [15], thus
meriting classification as a C1. Optical microscopy of
our sample of ALH88045 suggests it is similar to those
previously described [15] - it does not appear to be an
unusual clast – and yet both XRD-PSD and Mössbauer
find significant fayalitic olivine. We are currently en-
deavouring to confirm this surprising result by TEM.
Chemical variation: Preliminary results indicate
that chondrite matrix shows significant variation in
trace element composition. Variation is observed both
within samples, e.g. (Nb/Lu)n for Orgueil matrix var-
ies from 0.2 to 2.4 (n: normalise to CI chondrite), and
also between chondrite groups. We are currently ex-
tending this study to constrain compositional variation
in matrix over all carbonaceous chondrite types.
Conclusions: Our work has shown that the combi-
nation of X-ray diffraction with position sensitive de-
tector, and Mössbauer spectroscopy, provides an ef-
fective means of constraining modal mineralogy in
chondrites. The results also present a number of targets
for follow-up TEM work: the observation of fayalitic
olivine in Orgueil and ALH 88045, presumably as a
fine-grained matrix phase, merits further study.
In addition, our preliminary LA-ICPMS study sug-
gests that chondrite matrix may be significantly more
variable in its trace element chemistry than previously
thought, with possible implications for nebular models.
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